Cell adhesion molecules act as signal transducers from the extracellular environment to the cytoskeleton and the nucleus and consequently induce changes in the expression pattern of structural proteins. In this study, we showed the effect of thyroid hormone (TH) inhibition and arrest of metamorphosis on the expression of E-cadherin, -and -catenin in the developing kidney of Bufo arenarum. Cell adhesion molecules have selective temporal and spatial expression during development suggesting a specific role in nephrogenesis. In order to study mechanisms controlling the expression of adhesion molecules during renal development, we blocked the B. arenarum metamorphosis with a goitrogenic substance that blocks TH synthesis. E-cadherin expression in the proximal tubules is independent of thyroid control. However, the blockage of TH synthesis causes up-regulation of E-cadherin in the collecting ducts, the distal tubules and the glomeruli. The expression of -and -catenin in the collecting ducts, the distal tubules, the glomeruli and the mesonephric mesenchyme is independent of TH. TH blockage causes up-regulation of -and -catenin in the proximal tubules. In contrast to E-cadherin, the expression of the desmosomal cadherin desmoglein 1 (Dsg-1) is absent in the control of the larvae kidney during metamorphosis and is expressed in some interstitial cells in the KClO 4 treated larvae. According to this work, the Dsg-1 expression is down-regulated by TH. We demonstrated that the expression of E-cadherin, Dsg-1, -catenin and -catenin are differentially affected by TH levels, suggesting a hormone-dependent role of these proteins in the B. arenarum renal metamorphosis.
Expression of cell adhesion molecules in the normal

Introduction
During metamorphosis, the effective transition from tadpole to froglets depends on the coordinated changes that occur in each developing organ (Dodd and Dodd, 1976) . Within each organ, different tissues experience temporally regulated and specific transformations (Dodd and Dodd, 1976; Gilbert and Frieden, 1981; Fox, 1983; Balls and Bownes, 1985) . The embryonic kidney is a classic developmental model for studying inductive tissue interactions, which regulate the organogenesis (Kispert et al., 1998) .
As in fishes, the larval anuran kidney is the pronephros. It functions primarily in the excretion of water and ammonia. Pronephros forms from the anterior nephrostomes and persists throughout larval life only to regress and disappear by the end of metamorphosis (Duellman and Trueb, 1994) . Pronephric growth and differentiation is mainly controlled by circulating thyroid hormones. It is functional during the early amphibian larval stages, but it is then replaced by the mesonephros, the anuran adult kidney (Niewkoop and Faber, 1994) . Structurally, the pronephros is a tightly arranged mass of tubules with ciliated nephrostomial ducts leading to the coelom. In general, anurans have three nephrostomial tubules, which join to form a common tubule, the Wolffian duct. Evaginations of the dorsal aorta form paired glomeruli, which are partially surrounded by outpocketing of the nephrostomial ducts (Bowman's capsules). In anurans only the nephrostomal tissues persist (Duellman and Trueb, 1994) . In the mesonephric kidneys the tubular connections with the coelom have been lost, and glomeruli are contained within the Bowman's capsule (Duellman and Trueb, 1994) . The kidney changes are controlled by the proliferation and differentiation of the parenchymal cells and the extracellular matrix and by elimination of larval cell types through programmed cell death. Some larval cells are reprogrammed to become adult types. The cell replacements depend on interactions among different cells and between cells and its extracellular matrix. The main cell adhesion molecules involved in vertebrate morphogenesis are the cadherins (Takeichi, 1988) . Classical and non-classical cadherins belong to a superfamily of Ca +2 -dependent cell adhesion molecules (Takeichi, 1988 (Takeichi, , 1991 Pouliot, 1992) , and are associated with cytoplasmic proteins named catenins (Hirano et al., 1987; Ozawa et al., 1989; Nagafuchi and Takeichi, 1989; Stappert and Kemler, 1993; Wheelock et al., 1996; Wahl et al., 1996) . The best characterized catenins are -, -and -catenin (Herrenknecht et al., 1991; Nagafuchi et al., 1991; McCrea et al., 1991; Peifer et al., 1992; Butz et al., 1992; Piepenhagen and Nelson, 1993) . The adhesion strength in some tissues also depends on the co-expression of other cell adhesion molecules, including the neural cell adhesion molecule (NCAM), a member of the immunoglobulin superfamily of Ca +2 -independent cell adhesion molecules (Rutishauser, 1984; Cunningham et al., 1987) .
Amphibian metamorphosis is mainly regulated by TH (Kendall, 1915 (Kendall, , 1919 Leloup and Buscaglia, 1977; White and Nicoll, 1981) and is sensitive to environmental factors such as temperature, water availability, crowding, light, diet, and environmental iodine levels (Dodd and Dodd, 1976) . Amphibian larvae respond to alterations in these factors by changes in the developmental phenotypes (Stearns, 1989) . Thyroxine and triiodothyronine levels in the normal tadpoles remain low during pre-and pro-metamorphosis, but increase around the onset of metamorphic climax (White and Nicoll, 1981; Suzuki and Suzuki, 1981) . Thyroidectomy and chemical inhibitors (goitrogens), including thiouracil, thiourea, sulfonamides, thiocyanate, potassium perchlorate, and methimazole (Dodd and Dodd, 1976; Brown, 1997) can block metamorphosis (Dodd and Dodd, 1976) . In this study, we determined the TH influence on the expression of cell adhesion molecules during the development of the larval kidney of B. arenarum. We blocked normal metamorphosis with potassium perchlorate (KClO 4 ) and the expression of cell adhesion molecules during kidney development was examined.
Material and Methods
Toad embryos
Eggs production was induced in the adult females of Bufo arenarum (Hensel) 1867, (provided by La Cucha Co, Bs. As.) by injection of homologous pituitary gland suspension. Embryos were obtained by artificial fertilization, mixing eggs with minced testicular tissue (Rengel et al., 1988) , and cultured in Holtfreter's solution (Holtfreter, 1931) .
TH synthesis blockage
After hatching, larvae were kept at a density of 10 per liter, for three months in dechlorinated water with 0.034% KClO 4 solution at 18 2 °C with 12L:12D photoperiod (Miranda et al., 1992) . The KClO 4 solution was renewed once a week. Control larvae were kept under the same conditions but in tap water. Tadpoles were fed with boiled lettuce. Metamorphic stages used in this study were determined by Martin's table (Martin et al., 1985) .
Morphology and immunohistochemistry
Five control larvae at stages VIII and XX, and five KClO 4 -treated larvae arrested at stage VIII were processed for immunohistochemical studies. All animals were fixed in Bouin's liquid (15:4:1 of picric acid saturated solution, formaldehyde 40% and acetic acid) or Carnoy's solution (6:3:1 of ethanol, chloroform and acetic acid) for 2 hours at 20 °C, dehydrated in ethanol and embedded in paraffin. Sagital 5 m-thick sections were obtained in a Reichert Jung Hn 40 microtome and dried onto 1% gelatin coated glass slides. Mouse monoclonal antibodies to E-cadherin (clone 36 mouse IgG2a), to -catenin (clone 1a mouse IgG1) and to -catenin (clone 5 mouse IgG1) (Transduction Labs, Lexington, KY), were used at a 1:50 dilution in phosphate buffer saline (PBS). Antibodies to cadherin-5, P-cadherin, desmoglein, -catenin and pp120 were purchased as a cell adhesion sampler kit (Transduction Labs, Lexington, KY) and used at 1:50 and 1:100 dilutions. The monoclonal antibody 13A9, a mouse IgG1 that recognizes N-cadherin from different species, was used at a 1:50 dilution (Knudsen et al., 1995) . The monoclonal antibody 4d, a mouse IgG1 (chicken, frog) directed to 180 kDa N-CAM polypeptide (cytoplasmic domain) was developed in Dr. Rutishauser's lab (Dep. of Genetics, Case Western Reserve Univ., Cleveland OH, USA), and was purchased from the Developmental Studies Hybridoma Bank (Dept. of Pharmacology and Mol. Sci., Johns Hopkins Univ. School of Medicine, Baltimore, MD and Dept. of Biol. Sci., Univ. of Iowa, Iowa City, IA). These antibodies have been previously shown to recognize anuran species 2001a , 2001b Casco et al., 2000 , and unpublished results for P-cadherin and -catenin). Normal horse serum (Vector Laboratories Inc., Burlingame, California, USA) was used as negative control. Sections from B. arenarum tadpoles were dewaxed, rehydrated and permeated with 0.1% Triton X-100 (Sigma, St. Louis, MO.) in PBS for 15 minutes. Sections were incubated in normal horse serum for 30 minutes followed by overnight incubations with the primary antibodies at 4 °C in a humid chamber, rinsed in PBS and incubated with species-specific biotinylated secondary antibodies diluted 1:400 in PBS containing 1% BSA and 2% normal horse serum. After rinsing in PBS, sections were incubated with avidin-biotin complex and 3, 3' diaminobenzidine substrate (ABC kit Vectastain Elite , Vector Burlingame, CA). Slides were mounted with Canada balsam (Biopack , Buenos Aires, Argentina). In the control sections, primary antibodies were replaced with horse non-immune serum (Sigma, St Louis, MO). Sections were examined and photographed with a BX 50 Olympus microscope.
For the morphological analysis, sagittal 5 m-thick sections were dewaxed, rehydrated and stained with hematoxilin-eosin (HE).
Results
Bufo arenarum kidney morphogenesis
The kidney morphogenesis of Bufo arenarum is very similar to other anurans (Rugh, 1951; Duellman and Trueb, 1994; Møbjerg et al., 2000) . In Bufo arenarum, this process starts at the tail bud stage. The pronephros is complete at stage I and the mesonephric kidney develops rapidly and takes over the increasingly important excretory functions.
Bufo arenarum larvae of stage VIII have paired kidneys which are located retroperitoneally and consist of two cranial pronephros, situated behind the gill region, and caudally placed two elongated mesonephros.
The mesonephros present in some regions developed nephrons, conformed by Malpighian corpuscles (glomerulus) surrounded by the Bowman's capsule and, proximal and distal tubule (Figures 1a-d) . Also it has developing tubules as abundant masses of cells (undif-f f ferentiated mesonephrogenic mesenchyme) differentiate into tubules that open into the collecting duct system (Figure 1d) .
The proximal tubule consists of cylindrical to height cuboidal cells, frequently denominated prismatic cells, and with high brush border (Figures 1a-d) . These tubules have a dirty lumen. The distal tubule consists of cubic cells with a generally apical nucleus (Figures 1a,c) lated surface. The epithelium is composed of light and dark cells of variable shape (Figures 1a,d) .
Mesonephros of KCLO 4 -treated larvae of stage VIII present similar morphologic features to the control larvae of stage VIII (Figures 1e-h) .
Mesonephros of control larvae of stage XX present abundant differentiated nephrons (not shown).
Expression of cell adhesion molecules in the normal and T3 blocked development of the tadpole's kidney of Bufo arenarum.
We compared the expression of different cell adhesion molecules in the kidney of the control and KClO 4 treated larvae of B. arenarum. Larvae treated with KClO 4 solution for three months halted their development at the pre-metamorphic stage VIII (Figures 2a-b) , without altering body growth. Control larvae completed metamorphosis (stage XX) after three months (Figures 2c) . The expression of cell adhesion molecules was examined. Fixation in both fixatives, Bouin's liquid and Carnoy's solution, produced the same results.
Expression of E-cadherin and desmoglein
In stage VIII of the control larvae of B. arenarum, strong E-cadherin immunoreactivity is detected on the cell surface of the developing mesonephros proximal tubules (Figures 3a) and a weak immunoreactivity is detected in the collecting ducts and in few undifferentiated mesonephrogenic mesenchymal cells (Figures 3b-c) . E-cadherin is not detected in the distal tubules and the developing glomerulus (Figure 3b ). In stage VIII-arrested larvae treated with KClO4, E-cadherin expression in the proximal tubules and undifferentiated mesenchymal cells (Figures 3d vs. 3a-b) is similar to the controls. However, E-cadherin expression increases in the collecting ducts and is present in some glomerular cells, and in the distal tubules at low levels (Figures 3d-f versus 3b-c) . The number of E-cadherin-positive tubules is higher after goitrogen-treatment than in the control larvae ( Figures  3g,h) (Table 1) .
Desmoglein-1 molecule is absent in the control larvae kidney during metamorphosis, but it is present in some interstitial cells only in the KClO 4 treated larvae (Figure 4a) (Table 1) .
Expression of -and -catenin
In stage VIII control larvae -catenin is detected in the plasma membrane in few mesonephric distal tubules and in the collecting ducts (Figures 4b-c) . Furthermore, -catenin is detected in the mesonephros collecting ducts and the proximal and distal tubules (Figure 4d ). 
Discussion
During vertebrate development, the kidney develops in three forms, pronephros, mesonephros and metanephros. The metanephros, which constitutes the adult kidney of reptiles, birds and mammals, is not present in fish or in amphibians. Although these renal systems differ in complexity; they have the nephron as the basic functional unit (Goodrich, 1958; Saxén, 1987) . In amphibians the pronephros is functional during the larval stages. The mesonephros begins to develop at the 8 to 10 mm larval stage, persists and becomes fully formed and is functional by the time of metamorphosis, ready to assume the increased excretory load of a terrestrial organism (Rugh, 1951) . During prometamorphosis, the pronephros and the developing mesonephros work simultaneously.
In this study, we examined the expression of cell adhesion molecules in the developing kidney of B. arenarum, a common toad that occurs in the south of South America, and also in animals under treatment with a goitrogenic substance, which blocks TH synthesis.
E-cadherin expression pattern changes from stage VIII to stage XX, increasing in the collecting ducts, appearing in the distal tubules and disappearing from the mesonephric mesenchyme. E-cadherin expression re- In the KClO 4 -treated larvae -catenin is expressed not only in the distal tubules and the collecting ducts but also in the proximal tubules (Figures 4e-f) , co-expressed with E-cadherin throughout the entire nephron (Figures 3d-f and 4e-f ). -catenin is expressed in the proximal and distal tubules and the collecting ducts, coexpressed with E-cadherin and -catenin (not shown) ( Table 1 ). -Catenin and -catenin are not detected in the glomeruli.
Expression of E-cadherin, desmoglein, -and -catenin in the kidney at the end of metamorphosis
At stage XX control, E-cadherin expression is detected in both cell membrane and cytoplasm of the proximal and distal tubules and in the collecting ducts (Figures 5a-b ). -and -catenin are co-localized with E-cadherin in distal and proximal tubules and in collecting ducts (Figures 5c-f ) Table 1) . Neither E-cadherin, -nor -catenin are found in the glomeruli. Desmoglein-1 is not detected in any structures at this stage.
Other cell adhesion molecules expression in the developing kidney N-CAM-180, N-cadherin, P-cadherin, cadherin-5, pp120 and -catenin are not detected neither in the treated nor control kidneys (Table 1) . mains unchanged in the proximal tubule during development. TH inhibition with potassium perchlorate did not affect the expression of E-cadherin in the proximal tubules, but it down-regulates E-cadherin expression in the distal and collecting tubules during premetamorphosis. However, towards the metamorphic climax TH seems to exert an up regulation over collecting and distal tubules.
-catenin and -catenin expression were differentially controlled by TH in the proximal tubules but not in the collecting and distal tubules. During premetamorphosis, -catenin and -catenin expression both in the collecting and distal tubules, in the glomerulus and the mesonephric mesenchyme seem to be T3-independent, but this hormone exerts a down regulation in the proximal tubules. At the end of metamorphosis (stage XX), catenins were found co-expressed with E-cadherin in all renal tubules, suggesting maturation of cadherin-catenin junction complexes.
In contrast to the premetamorphic kidney of the B. arenarum tadpoles, in the human kidney, E-cadherin is firstly expressed in the branching ureteral bud (Vestweber et al., 1985) , but is not detected in either induced or non-induced mesenchyme, and is detected in comma-and S-shaped bodies. Later, it appears in the proximal and distal tubules, but is never expressed in the glomerular structures. In the adult human kidney, the expression is comparable to that observed during development. E-cadherin is weakly expressed in the proximal and distal tubules and is strongly expressed in the collecting ducts (Perantoni, 1999) . In rats, E-cadherin is abundant in the distal tubule, the collecting duct and most medullar segments, but is present only at very low levels in the proximal tubules (Prozialeck et al., 2004) . At the end of metamorphosis of B. arenarum, E-cadherin is absent in the glomerulus, like in the human kidney, but is strongly expressed in the proximal and distal tubules and the collecting ducts, indicating a differential role of this molecule in amphibian and mammalian kidneys.
To examine the role of E-cadherin role during renal morphogenesis, blocking antibodies had been used in explanted cultures of renal primordia (Vesteweber et al., 1985; Klein et al., 1988) and in the cultured MadinDarby canine kidney (MDCK) cells (Gumbiner et al., 1988; Behrens et al., 1989) . In renal primordial cultures anti-E-cadherin antibodies failed to inhibit normal morphogenesis, but they blocked the cell adhesion in MDCK cells (Gumbiner et al., 1988; Behrens et al., 1989 ). E-cadherin knockout models affect embryogenesis prior to implantation preventing the study of E-cadherin in the renal morphogenesis (Larue et al., 1994; Riethmacher et al., 1995; Izaguirre et al., 2001b) . In contrast to mammalian kidneys where N-and P-cadherin are expressed (Biddlestone and Fleming 1991; Wu et al., 1993; Nouwen et al., 1993; Tassin et al., 1994; Tani et al., 1995; Perantoni, 1999; Prozialeck et al., 2004) , we did not find N-or P-cadherin in the B. arenarum kidney, although the antibodies used have cross-reactivity with anurans -c-d) and -catenin e-f) expression. a-b) Note E-cadherin expression at intercellular and cytoplasmic level both on the proximal and distal (insert) tubules, as on the collecting ducts, respectively. c-d) -catenin expression in the distal and proximal tubules, and the collecting ducts respectively. e-f) -catenin expression in the distal (insert) and proximal tubules, and the collecting ducts, respectively. PT: proximal tubule; DT: distal tubule; CD: collecting duct. 2001a;  for P-cadherin results not published).
Interestingly, desmoglein is not present during renal development, but is strongly expressed in the mesonephric mesenchymal cells when TH and metamorphosis was blocked. These results suggest that desmoglein is THdown regulated during renal development. Desmoglein 1 and 2/3 are found in induced mesenchyme of human and mouse kidneys and persist through tubulogenesis, although its expression becomes restricted, forming a ring around cells (Garrod and Fleming, 1990) . Presumptive glomerular epithelia are also immunoreactive, but this is lost from the podocytes with maturation. In general, desmosomes are small during development but they enlarge as the kidney matures (Perantoni, 1999) .
In mammals N-CAM seems to have a minor role in renal development and maintenance, but it appears to play a significant role in inflammatory processes affecting the kidney. N-CAM appears in early development between induced and non-induced mesenchymal cells, but is rapidly lost from polarized epithelia. Its expression is retained by stromal populations into later stages; however, in the adult kidney, no cells expressed N-CAM, except for interstitial nerve fibers and nerves, which were strongly positive (Klein et al., 1988; Lackie et al., 1990; Nouwen et al., 1993) . N-CAM-180 was not detected in the B. arenarum kidney .
Several studies, including the present work, demonstrate that a variety of cadherins are present in the kidney and are differentially expressed in various segments of the nephron (Vestweber et al., 1985; Biddlestone and Fleming 1991; Wu et al., 1993; Nouwen et al., 1993; Tassin et al., 1994; Tani et al., 1995; Perantoni, 1999; Shimazui et al., 2000; Prozialeck et al., 2004) . Furthermore, each cell adhesion molecule may have a differential pattern of expression in several segments suggesting specific roles during kidney development. These results raise the possibility that differences in cadherin and catenin expression levels and localization may contribute to the difference in the susceptibility of various nephron segments to renal pathology or nephrotoxic injury. It is known that TH is responsible for increase in both the active and passive transport of NaCl in the proximal straight tube (Shah et al., 2000) , leading to the deterioration of a previously impaired renal function (Makino et al., 2000) .
It is known that TH regulates NCAM expression in the nervous system and skeletal muscle during metamorphosis (Levi et al., 1990) . However, direct demonstration of the effect of TH on the expression of other cell adhesion molecules is limited (Becker et al., 1994; Laslett et al., 2000; Luegmayr et al., 2000) . This paper shows for the first time the TH effect on the distribution and expression of cadherin and catenin cell adhesion molecules in the B. arenarum developing kidney. Our data demonstrate temporal and spatial control of E-cadherin, desmoglein, -and -catenin, by TH during B. arenarum kidney development.
